Aims Altered thyroid hormone metabolism characterized by a low triiodothyronine (T3), so-called low-T3 syndrome, is a common finding in patients with severe systemic diseases. Additionally, subclinical thyroid dysfunction, defined as abnormal thyroid stimulating hormone (TSH) and normal thyroxine (T4), causes left ventricular dysfunction. Our objective was to identify the prevalence and prognostic impact of low-T3 syndrome and subclinical thyroid dysfunction in patients with acute decompensated heart failure (ADHF).
Introduction
Heart failure is one of the most common causes of hospitalization and death, with an increasing trend in the number of patients living with heart failure. 1 It has been acknowledged that several comorbid conditions and biomarkers are associated with disease progression and outcome in heart failure. 2 Indeed, because the thyroid hormones increase heart rate and cardiac contractility and decrease systemic vascular resistance, both overt hyperand hypothyroidism can be a cause of heart failure. Therefore, the American College of Cardiology/American Heart Association guidelines for the diagnosis and management of heart failure in adults recommend measurement of thyroid function. 3 A low triiodothyronine (T3) concentration in nonthyroidal illness, so-called low-T3 syndrome, is considered to be an adaptive compensatory mechanism and a beneficial response to preserve energy consumption, and the magnitude of the change in T3 concentration varies according to the severity of the illness. 4 It has been reported that low-T3 syndrome was also observed in patients with heart failure, and that impairment of thyroxine (T4) to T3 conversion was found to be proportional to the clinical severity of heart failure. 5, 6 Furthermore, it has been reported that the impaired concentration recovers to the baseline after adequate therapy for heart failure. 7 Several studies indicated that low-T3 syndrome was an independent prognostic factor in patients with heart failure. [8] [9] [10] Meanwhile, subclinical thyroid dysfunction is defined biochemically as altered thyroid stimulating hormone (TSH) but normal thyroid hormones levels. Although thyroid hormones show normal levels, the cardiovascular alterations, such as left ventricular (LV) diastolic dysfunction and endothelial dysfunction, which have been reported in overt hypothyroidism have also been observed in patients with subclinical hypothyroidism. 11 Additionally, the prognostic impact of subclinical hypothyroidism has been reported in patients with heart failure, 10, 12 although the results were inconsistent. As described above, it should be noted that lower thyroid hormones concentrations are observed in patients with more severe heart failure, and that lowered thyroid hormones concentrations return to the baseline when the patient recovers from a decompensated state of heart failure, and that the magnitude of the change is proportional to the severity of heart failure. Accordingly, its prognostic impact may also differ with the phase of heart failure. In previous studies of low-T3 syndrome and subclinical thyroid dysfunction in patients with heart failure, thyroid hormones concentrations have been measured in the chronic or stable phase of heart failure. However, the prevalence and prognostic impact of abnormal thyroid function in an acute decompensated phase of heart failure have not been investigated.
We, therefore, examined the prevalence and prognostic impact of low-T3 syndrome and subclinical thyroid dysfunction in patients with acute decompensated heart failure (ADHF).
Methods

Study population
From October 2007 to July 2012, 401 patients were hospitalized with ADHF in the National Cerebral and Cardiovascular Center. Diagnoses of heart failure were retrieved from the medical records and validated using the modified Framingham criteria. 13 Among the 401 patients, 74 patients (18%) who did not receive thyroid function tests (TSH, free T4, and free T3 levels) on admission were excluded. Furthermore, 53 patients taking thyroid medication [antithyroid drug (n = 2) or thyroxine replacement (n = 31)] or amiodarone (n = 28) were excluded. Finally, 274 patients were enrolled. This study was approved by the ethics committee of the National Cerebral and Cardiovascular Center, and patients gave informed consent.
Thyroid hormone sampling and definition of subgroups of thyroid function Thyroid hormones were measured immediately after sampling. Electrochemiluminescence Immunoassay (ECLIA) (Cobas® 8000 <e602>; Roche Diagnostics, Japan) was used for the analysis of TSH, free T3, and free T4 in our institution's laboratory. The normal reference intervals in our laboratory are: free T3, 4.0 to 7.1 pmol/L (2.6 to 4.6 pg/mL), and free T4, 14.2 to 23.2 pmol/L (1.1 to 1.8 ng/dL).
The association between thyroid function on admission and cardiovascular events was examined. Thyroid function was analyzed as continuous variables using the data of free T3, free T4, and TSH, and as categorical variables. For categorical analysis, patients were assigned to the following groups using free T4 and TSH levels, using a common definition of subclinical thyroid dysfunction based on expert reviews and prior reports: 14, 15 18 LV ejection fraction and LV dimensions were estimated by echocardiography in a stable state of heart failure after therapy for heart failure during hospitalization. Cardiac death and re-hospitalization for heart failure were assessed as cardiac events after admission for ADHF. The primary endpoint of this study was composite cardiovascular events, defined as cardiac death and re-hospitalization for heart failure. Cardiac death was defined as death attributable to ventricular Subclinical hypothyroidism in acute heart failure arrhythmia or congestive heart failure. Follow-up information was retrospectively obtained from medical records.
Statistical analysis
Statistical analyses were performed using JMP10 (SAS Institute, Cary, NC, USA). A P value less than 0.05 was considered statistically significant. The results were presented as mean ± SD, median values with their respective 25th and 75th percentiles, or number (%). Continuous variables were compared using unpaired Student's t-test or ANOVA followed by Tukey's post-test as appropriate. B-type natriuretic peptide (BNP), free T3, free T4, and TSH levels were analyzed as continuous variables after natural logarithmic transformation to normalize their distribution. Categorical variables were compared among subgroups using chi-squared test or Fisher's exact test as appropriate. Long-term survival was estimated by Kaplan-Meier analysis, and differences in survival were assessed using the log-rank test. Univariate and multivariate Cox proportional hazards regression models were constructed to investigate baseline data as predictors of composite cardiovascular events. Receiver-operating characteristic (ROC) curves were used to examine the performance characteristics of the indices of thyroid function. Area under the curve (AUC) and 95% confidence of the ROC curves were calculated to provide a measure of the accuracy of the indices of thyroid function to predict composite cardiovascular events.
Results
Baseline characteristics of patients and prevalence of abnormal thyroid function in ADHF patients
Baseline characteristics of patients divided by free T4 and TSH levels are presented in Table 1 . Among 274 patients, 188 patients (69%) showed euthyroidism and 58 (21%) showed subclinical hypothyroidism. Patients included in other criteria of thyroid function were not common ( Figure 1 ).
No differences were found regarding age, sex, systolic blood pressure, LV ejection fraction, and plasma BNP among the groups. Compared with euthyroidism patients, subclinical hypothyroidism patients had a lower prevalence of ischemic heart disease and hypertension, higher prevalence of atrial fibrillation and diuretic (loop and/or thiazide) use, lower heart rate, and higher total bilirubin level. Thyroid hormones concentrations, free T3 and free T4 levels, were similar between patients with subclinical hypothyroidism and euthyroidism.
Among 188 euthyroidism patients, 95 patients (35% of the whole population) showed decreased free T3 (<4.0 pmol/L) and 93 patients showed normal free T3 (4.0-7.1 pmol/L) ( Figure 1) . Baseline characteristics of patients with low-T3 syndrome on admission are shown in Table 2 . Compared with patients with normal free T3, low-T3 syndrome patients were older and had lower levels of eGFR, hemoglobin, and triglycerides, but a higher level of C-reactive protein.
Impact of thyroid function indices on predicting cardiovascular events
The mean duration of follow-up was 31.8 ± 21.7 months. During the follow-up period, 27 (10%) patients died of heart disorders, including 6 in-hospital deaths and 21 deaths after discharge. Among the patients, 20 patients died of heart failure and 7 patients died of ventricular arrhythmia. Additionally, 86 (32% of discharged patients) patients were rehospitalized for heart failure.
In univariate Cox regression analysis, a high TSH level was significantly associated with an elevated risk of composite cardiovascular events (hazard ratio: 1.34 per 1SD increment in log-transformed TSH value; 95% confidence interval: 1.09 to 1.64; P = 0.006), whereas free T3 and free T4 levels were not. In multiple Cox regression analysis adjusting for age, heart rate, eGFR, and hemoglobin, the prognostic impact of TSH level persisted ( Table 3) . In the present patient population, ROC curve analysis indicated that TSH on admission had modest ability to predict composite cardiovascular events (AUC = 0.651; 95% confidence interval: 0.579 to 0.718). A cutoff level of TSH of ≥4.39 mIU/L best predicted composite cardiovascular events, with sensitivity of 47% and specificity of 81%. The test's positive and negative predictive values were 56% and 74%, respectively. Fifty (27%) euthyroidism patients, 34 (59%) subclinical hypothyroidism, 8 (47%) overt hypothyroidism, and 1 (50%) overt hyperthyroidism had adverse cardiovascular events. No adverse cardiovascular events were observed in patients with subclinical hyperthyroidism. In the present study, we examined the prognostic impact of subclinical hypothyroidism, compared with euthyroidism. Figure 2 displays the KaplanMeier plots of groups with euthyroidism and subclinical hypothyroidism. The survival rate of patients with subclinical hypothyroidism was lower than that of patients with euthyroidism (log-rank: χ2 = 15.99; P < 0.001). In multivariate Cox proportional hazards regression among variables including age, heart rate, eGFR, and hemoglobin, patients with subclinical hypothyroidism showed a 2.31-fold higher risk of composite cardiovascular events when compared with euthyroidism patients (Table 3, hazard ratio: 2.31; 95% confidence interval:1.44 to 3.67; P < 0.001).
We also examined the prognostic significance of low-T3 syndrome. As demonstrated in the Kaplan-Meier plots of groups with normal free T3 and low-T3 syndrome, the survival rate was comparable between patients with normal free T3 and low-T3 syndrome ( Figure 3) . Etiology of heart failure Ischemic heart disease 31 (11) 27 (14) 2 ( (17) 32 (17) 10 (17) 3 (60)* 2 (12)
Hypertensive heart disease 40 (15) 28 (15) 7 (12) 1 (20) 2 (12) 1 (50)
Valvular heart disease 95 (35) 64 (34) 23 (40) 1 (20) 5 (29) 1 (50) Others 61 (22) 37 (20) 16 ( (26) 54 (29) 10 (17) 2 (40) 3 (18) 1 (50) Dyslipidemia 86 (31) 67 (36) 13 (22) 1 (20) 5 (29) 0 (0)
Medication on admission ACEI and/or ARB 125 (46) 88 (47) 26 (45) 1 (20) 7 (41) 2 (100)
Beta blocker
(39)
76 (40) 21 (36) 2 (40) 7 (41) 1 (50) Spironolactone or eplerenone 83 (30) 57 (30) 18 (31) 1 (20) 8 (47) 1 ( Subclinical hypothyroidism in acute heart failure Figure 1 Prevalence of the abnormality of thyroid function and low-T3 syndrome among euthyroidism subjects. 
172
T. Hayashi et al. 
Discussion
We demonstrated that the presence of subclinical hypothyroidism on admission for ADHF was an independent predictor of long-term adverse cardiovascular events including cardiac death and re-hospitalization for heart failure, although the presence of low T3 concentration on admission was not. These findings suggest that measurements of thyroid hormones concentrations could be useful for early risk stratification of patients with ADHF. Subclinical hypothyroidism is characterized by a high serum TSH concentration with normal levels of serum T4 (and T3). 15 Thyroid hormones are regulated via a feedback loop of TSH and thyroid releasing hormone. As long as the regulation system is preserved, an increase in TSH level indicates deficiency of circulating thyroid hormones. Therefore, TSH is a sensitive indicator of thyroid status. The prevalence of subclinical hypothyroidism has been reported to be between 4 and 20% of community-based populations, 19, 20 and subclinical hypothyroidism is an independent risk factor for coronary heart disease, 21 heart failure, 15, 22 and cardiac death 23 in community-based populations, whereas a large population study of Danish National Patient Registry has demonstrated that risk of major adverse cardiovascular events and developing heart failure was not elevated in patients with subclinical hypothyroidism. 24 A few previous studies examining the prognostic impact of subclinical hypothyroidism in patients with heart failure have been reported. Although, they have apparently shown inconsistent results, it is noteworthy that the study endpoints differed among the studies. For example, Iacoviello et al. demonstrated that a higher TSH level was independently associated with a higher incidence of composite outcomes including death, urgent heart transplantation, or hospitalization because of worsening heart failure. 12 On the other hand, Frey et al. reported that subclinical hypothyroidism was not associated with allcause death, 42% of which comprised non-cardiac deaths. 10 In the present study, we demonstrated that a higher TSH level and the presence of subclinical hypothyroidism were independent predictors of composite cardiovascular events including cardiac death and hospitalization for worsening heart failure. Considering these results, higher TSH level or the presence of subclinical hypothyroidism might be associated with higher incidence of cardiac events, rather than non-cardiac death, suggesting that a close relationship between the thyroid and cardiovascular system could exist in patients with heart failure.
During severe systemic illness, the alteration of thyroid hormones levels is also affected by the factors other than the hypothalamic-pituitary-thyroid axis. More than 80% of T3, which is considered to be the biologically active form of thyroid hormones, derives from peripheral conversion of the prohormone T4 via a reaction catalyzed by 5'-monodeiodinases in organs such as the liver, kidney, and skeletal muscle. 25, 26 It has been reported that a decrease in 5'-monodeiodination leads to low serum T3 concentration in patients with any severe systemic illness, including acute myocardial infarction, 27 and chronic heart failure. 8 Besides the deiodination of T4, the alterations in thyroid hormones binding to serum proteins and T4 transport to T3-producing tissues are involved in such transient changes in plasma concentrations of free thyroid hormones. [28] [29] [30] Proinflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), inducing the release of IL-6, are considered to contribute to the transient change in the thyroid hormones levels. Administration of IL-6 and TNF-α into healthy subjects reproduces alterations in both peripheral and central thyroid hormones similar to low-T3 syndrome. 31, 32 Actually, the increase of plasma IL-6 and TNF-α is observed in patients with heart failure and associated with poor prognosis. 33, 34 Therefore, the transient increase in proinflammatory cytokines in ADHF patients gives rise to temporary changes in peripheral, and central thyroid hormones not only via the hypothalamic-pituitary-thyroid axis but possibly also because of a direct negative effect of the cytokines on both hypothalamic and/or pituitary levels. 35 T3 level alters with the severity and stage of the illness via the mechanisms described above; T3 becomes lower as the illness becomes more severe, probably in order to suppress systemic energy consumption, and returns to the baseline as the illness resolves. 7, 36 Actually, in a previous report, subclinical thyroid dysfunction at discharge had normalized spontaneously six months after discharge in four fifths of patients hospitalized for heart failure, 10 suggesting the presence of the transient subclinical thyroid dysfunction in the course of heart failure. In the extremely severe stage of heart failure, peripheral T4 to T3 conversion would be more strongly suppressed, and subsequently plasma TSH level might increase via a feedback loop of the hypothalamic-pituitary-thyroid axis. Therefore, elevated TSH level on admission of ADHF patients might indicate that the patients were in the very severe or life-threatening systemic state in the ADHF phase.
Frey et al. reported that low-T3 syndrome is an independent prognostic factor in patients with ADHF. 10 However, we demonstrated that low-T3 syndrome was not associated with composite cardiovascular events in ADHF patients. The difference in the timing of evaluating thyroid function may account for the inconsistent results. As described above, the temporal alteration of thyroid hormones levels exists in the clinical course of heart failure. 10 In the stable phase of heart failure, lowered T3 level may indicate the intrinsic severity of heart failure, so that low-T3 syndrome might have a poor prognosis. On the other hand, lowered T3 level in the acute decompensated phase may reflect temporal hemodynamic deterioration that could be restored by adequate therapy. Therefore, the discrepancy in the prognostic impact might be demonstrated between the studies.
We demonstrated that TSH level on admission was an independent prognostic marker in ADHF patients, and had modest ability to predict adverse outcomes. Although some indicators, including sodium and BNP levels, are considered to be useful to predict cardiac events, it has been reported that few indicators evaluated at the decompensated stage are independent prognostic markers. For example, a high BNP level at discharge is generally considered to be a strong independent marker of death or re-admission for heart failure. 37, 38 However, the prognostic impact of BNP level on admission on ADHF appears to be weak and is less than that of BNP level at discharge after appropriate treatment for ADHF. Indeed, BNP level on admission was not a prognostic marker of cardiovascular events in our study. In contrast, the present study indicated that higher TSH level on admission for ADHF was independently associated with adverse cardiovascular events after discharge. Thus, TSH level could be a practical indicator to stratify the risk of future adverse cardiovascular events, even in the early stage of treatment for ADHF.
Our study has several limitations. First, this was an observational study with a retrospective design. Second, in view of the nature of the study design, we cannot infer cause-effect relationship between thyroid hormones and heart failure, suggesting that this study cannot be used to support the clinical benefit of replacement therapy with thyroid hormones. Third, although we demonstrated that the presence of subclinical hypothyroidism at admission was a predictor of worse prognosis in the present study, we cannot determine whether a raise of TSH level on admission for ADHF had been preexisting before developing ADHF, or arose in this ADHF phase. In other words, we cannot mention the main pathophysiology of worse prognosis: preexisting subclinical thyroid dysfunction and/or the acute exacerbation of heart failure which causes severe general condition and instability of the hypothalamic-pituitary-thyroid axis. TSH level before hospitalization or after discharge, as well as anti-thyroid peroxidase antibodies, may be useful to refer to the point, although we do not have sufficient information on them. Prospective follow-up studies are needed to further elucidate this issue.
Conclusions
We demonstrated that the presence of subclinical hypothyroidism on admission for ADHF was an independent predictor of adverse cardiovascular events. Elevated TSH level could serve as a promising marker to predict cardiovascular events in ADHF patients.
